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Superfine laser ~osltlon control uainfi etatls$lc~ enhanoed reeolutlon in real time—— ——.. ——.— —. —-—-—.-.----_—

B. L. Kortegaarrl

Unlveralty of CallfOrnla, Loa Ala-on Natloaal Laboratory
P. O. Box 1663, Hall Stop E529, Los Al&moe, Hew Mexico 87545

Abetract——

An electronic control ayatem 18 described uhioh analyzee dlgltiwd TV images to alaultm-
neoualy position 96 time-and-space multiplexed beams for ● large KrF laser eystem. Degra-
eetlon of pOsitiOn resolution tJuO to the lntarvalm between digitization la discussed, and
Improvement of this resolution by using inherent aysten noise 1s denonatrated. The methods
shown resolvu ●rbrltary int.nalty boundar18a t@ ● small fraOtlOn of the diecrete 8*mP10
spacing.

Introduction—--——

Aurora, th~ 0.2484 aloron kilojoule-class KrF lacer eyatea being developed ●t Los Alaaoe
as part or the national ●lternative energy Fro#ram, hae ● 5 na oscillator pulse length but
a main ●mpllrier pump time of 500 na. The Oaclllator pulse is therefore cross-aoctloned
into ● 96 beam array, with the individual beaaa then sent over different length patha to a
12 by 8 mirror array. The ●ngle of incidence of each individual alrror ulth respect to lta
beam is aet ao that the 96 beam oleaenta ●re all directed through the optlc*l eyatea to the
main ●uplifter. Each beam fills the 44 inOh equare ●ain ●mpllfIOr but ●rrives ●t times
spaced 5 na ●part, effectively as ● elngle 480 na pulao.

To control these alrrora, the beams they dlrcct ●re split ●nd imaged on ● TV camera,
still ●s a 12 by 8 ●rray. Tha X-Y poaltlcn of eaoh ●lament of the image has a one-to-one
cor?esponaence with the ●rgle of the ●snoolated beam at the amplifier input ap~rture, The
system 1s Controlled by ●nalyzlnc the Image, ●nd directing stopper motore to move the nlr-
rors until the ●lements of the laage ●re at the dealred X-Y ooordlnatea. (Figure 1)

Each ●lement of the image falla inelde a 48x64 pixel (pioture ●lement) window ●nd the
resolution of ita position within that. window deteralnee the resolution of the controi
systew. The pixels are dietinuulehed ;rOa one ●nether by the (x,Y) Ooordlnatoa of the
image lochtion they represent, ●nd the contents of ●ach pixel ie the digitized value of the
intanalty of that location when last eampled. The x r!oordlnates are aepmrated by dlacrete
lntervala, correapondlng to the tlmo lnterva> between the 520 intensity aamplea 01 ●ach
horizontal .sc?.n, ●nd the y ooordinat.ea ●re separated by intervhla corresponding to th~
vertloal dletance between the 48o interlaced horizontal linee. The ●otual value of these
intervala la determined by the dimenoiona of the ●res imaged on the oamera, but are noraal-
lzed to integer veluea separated by unity lnoremente (AX,AY), for ●l,alyala. When we speak
of reaolutlon to a fraction of ● pixel, we ● ean reeolutlon to ● fraOtIOn of Ax or by.

The fi?lal phaae of the KrF Program will require a poeltlon resolution aqulvaleht to jO,Ol
plX818, uh}ch eorreaponda to ●n an61e of 92 mlcroradlana. Noise-enhanced reaoiution u1lI
be one of the primary tools ror mlnlmizlng ●lignment tlae. Th@ present ayatem uaea thla
tool and has I) reaolutlon of JO.05 pixels (f10 aleroradlans). This quantitatively demon-
etretea the offectlveneen of atntiatloally enhenoed reeolutlon, Uhlle ●dequately controi-
llttg th~ beam poaltlons for th? 14nln Amplifier phaee of the program end provldlng data ror
tho dea!gn or the final ●y.~tem.

Reaolutlr!n ror this type er ayatem le determined by the number or evenly apnced dlgitlzed
aamplea, thu eccuracy of the atetiatical model for the beam-tmago and random noise rleld$!,
and the valtdlty of the beem-poaltion eatimatlon criterion. The analysla ●nd diacuaaion or
these ractora and how they mav be uaod to ●nhanoe ~he expeetod reaolutlon or a dlacreto
sampler oomprlae the remainder or thiu paper.

Erfect or e~atlml lmaio-samplin~ on beam roaolvabillty----------- ---------- ---- —- -------------------

The vldloon lmago 1s a two-dlmannlonal dletrlbutIon of light intenoltiee B (x,y,t) w’iich
repreoent tha oroaa-seotional ●nergy dlatribution of the Varloub Iaaor beema f,, . The PrOt\.
lem or angular oontrol or the beame involves finding the imaged beam poaltlona ●n lndl-
ceted by theao IntQnoltlee. Th@ factora ●ffeotint the potltlon reaolutlon or any one beam
@r@ the eamo an ror any uther, and this ●nalyaia le therefore rectrieted to mlnlmiz!na thp
erraut or unoertalntl?a In rl~torminlng the poeltlon or ● alnsla beam, In Its k8x6Q pixel
Ulndou,

mtu(jrfmofM! ooctfMEHlIsIl#tlm
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B(x,y,t) produoes ● bounded image. T!iat la, there exleta some positive lntegera BY and

BY SUCtl that

B(x,y,t) - 0 if lx-XobBx Of lY-YobBy, (1)

where (XO,YO) ●re the ●rithmetic aean of ooordinatea in the sa8$le Bpaoe that ●re within
the imaged bea8 ●nergy distribution.

The beam msgnitude and density ● re r8n601P processes,
tionary.

●lthough the ●agnitude 18 non-sta-
However, over any fixed interval T during vhioh the image is analyzed:

I
n+~

I
●*T

B(x-Xi,y-Xi,t)dt - B(x-Xi,y-Yi,t)dt, for ●ll n,c
—.——.-—----

Bn Hax -—-ii;-iiz~
n n

(2a)

where Bn and Bm are the average aaxiaun valuea for the function, whloh ●re here defined
with respect to the fixed coordinates (Xi, Yi). We will call these ●verages I(x,y).

tt

I(X,Y) - JB(xA~t)dt---
B. Hax

o

(The acc>racy of this ●ssumption,
gatlon, using this control syetem.
Iution demonstrated. )

and the optinum interval T,
They are ●t lesst ●ccurate

(2b)

●pe curvently under inveatl-
enough for the overall rea~-

As the mirrors pointing the Mam are moved, ita imaged energy distribution move8 about
the sa~>le apace and ita shape may change.
In general:

I(X-X1,Y-Y1) c I(X-X2,Y -rZ), if (X1,Y1) ● (x~o?z), (3)

although th!s normalized, tlma-averaged, croaa-aectl-nal int~ ity diatrlbutian la invari-
ant for a given position, and ohanges with position ●re contlb,uous and olouly varying, That
1s, for beam movemente of a pixel or ao, the ohange in shape la inalgnlflcant to ita ●naly-
Sls.

The Image capture system (Flgura la) ueea standard printed circuit boarda from Imaging
Tochno:ogy in an 8086 mlcroproceaaor- controlled multlbus ●nvironment. It la configured to
select either single video framna, or an average of up to 2s6 separate framea, for ●naly-
sia. By ●nalyzing ana atorlng the ●rea of interest of one image while the naxt la being
captured, we cnn actually ●vartge our reaulte ov?r ●e ●any frhmoe ●a ue viah.

Nyqulst snmpllng cannot be uacfuily applieC to thle sample apace beeauae the spacing 1s
too far apnrt for the resolutlsn precialon we require. The meaaurlhg Intervala are closer
in y than x i’or our system, but in elth,r oaae tbe Fourier tranaform has significant compo-
nents with shorter periods, than that of Lha hlghaat $alld Fourier component present in the
sample.

Pasltlon determination from ths ●rithmetic mean--- -----------------.---------—---------------

Sins? ~pproxlmatlon x,ethods will therefore b. required, ue have chosen .1 nethod which ia
fnst ●nd cost effective, yet which atlll haa ●dequate prectaion in reproducibly detorminlng
bnam posltloll, Mn decide which plxala ●re Included within the bounded image, ~lnd the
nrlthmotlc moan of th(~lr coordl~atea ●nd call that ●ean ● meaaure o; the benm poaltlon,
Since l(x-XJOy-Yk) ia Ot&tlonary, and changen .41th (X Oyk) ●re Contt.nuouu ●nd ●lowlj vary-
Inf!, this moaoure Ia a alngle-valued tunctlon af bea i poltltlon, and la repeatable to the
dngrao thn moon IS renolvod preclaely. Trentlng the seen aa a rondom variable, thla precl-
slon In determirihd by Itn dnnalty ●nd dlatributidn functions which @re themselves deter-
mln~d hy lhf’ moaaurt!mont method and the boundary eatlmation criterion,
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(X, OY, ) ●s ● function or beam poaltlon
.. —.---—-— —.-—--

A pixel (X18Yj) 1s ● Beam Pixel when

I(Xi, Y~) 8 Ib (4a)

where

lb - the lntens. ‘ty threshold ●t uhloh the beam in (4b)
considered to exist.

By making Ib ● tunotion of beam energy, the method la extenctad to finding Band Pixels,
those pixels uhlch are wlthln equi-intenalty llnea reprei?entlng the bounds of ● given en-
●rgy band. The problem of reproducing the entire beam could be reduced to ●stablishing ita
●ppropriate contour line, but ue ●re concarned here only with finding the ●rithmetic mean
of the coordinate within the beam threshold.

For our laser @eaaa, uhere the imaged equi-intensity lines ●re everywhere convex, coordl-
natea tor the ●easured beam position (Xm,Ym) ●re:

uhera

Xm ●

Yv -

Xo,xi
“{O*Y1

;Y
x

:Y

Nx

Xi-x.

~ RX(XO + X)

x-o

N

Yi-Yo

I Cy(xo ● y)

y-o

N

Y~-Yo

2 Cy(xy + (Cy - :)/2)

y-o
. —--—---- ---.----—

N

Xi-x.

I RX(YX + (Rx - 1)/2)

x-o. —-- —-------------—

N

● First and loot column with Beam Pixels
● First ●nd lest row with Beam Pixels
- Numbar of colusna in yth row with Beam Pixels
- Number of rows in xth column with Be&m Pixels
- Lowest X coordinate of Beam Pixel in yth row
- Lowest “f coordinate of Beam Pixel in xth oolumn
● Total number of Baam Pixala

(5a)

(5b)

Xm and Ym are not continuous over I(x,y) einoe the pixels ●re PhY81C011Y aevarated by Ax,
AY, 4Q6 the only place the derivative la non-zero it la dincontinuouw. The variation of Xm
with movement Of I(x,y) acroas the image plane 1s actually ● distribution with discrete
ohangoa.

Aa shown In Figure 2, the density function la ● aeriea of dalta functions, ●nd the dlstrl-
butlon function ia an uneven atalroase. If the beam were to move only ● alight distance,
●nd in the x direction+ the &eight of the delta funotion could be expressed as

Y1-YO

1 [(XY - Xm 4 2CY ~ 1) A Cy ● Cy A Xy]

bxm -
—-----

y-o 2 (6)

-------------------------- --------- ----.-=

N

A beam with a largo number of plxela, spread ovar ●any rows and columns might then hnvv e
diatributlon whloh la ●lmoat oontlnuoua. A beae having only ● few bean pixels wI1l have &
reaolutlon worse than i.3 pixels or ●0, ●ven in ● noise free OnVlrOnXWnt. A beam smaller
than Ax or Ay might ●aally bv diaaotroua einoe its reaolutlon ●rror cen ●qual the cQordl-
natea of the neareat pixel.



In our system, the beam la not only small, which 18 nOt really necessary. but lt may also
be rectangular. with a rectangular beam the reaolu%ion will be worse than :0.5 Pixels,
since the side may be normal to the direction of ●oveaent. Aa we require ●uch greater
precision than this, we need some type of reaolutlon ●nhanoemant.

When Ib is 8uch that ●dJ8cwnt pixel intenaitlea fall on ●ither aide of it, the displace-
ment can be ●pproximated through llnear interpolation. Let Iq ‘enote ‘n-l if the lntenaity
decreases to the right ●nd Im+l lf thO lnt0n81tY lncreaaes to ttte right. T5en the approxi-

mation la given by:
..-.

Pn - (IQ - lb) 8 Iq ? Ib > In

7i~-~-T~

. 1 ; In > Ib

. 0 ; Ib t Iq

The mean can be modlfled ●ccordingly.

(Xm,rm) -

In this way the density
degree the beam varlatlon

I J-o 1-3
------------- —-— *

function is made continuous.

(7a)

(7b)

an~ the function Is ●ccurate to the
can be avvroxlmated ●a ● atralght llne. For some 1A selectl~ns.

this a$aumption is probably true to +0.2 pixels tor ●li beam shapes, ●nd u~ing ● k-bii
successive ●pproximation algorlthm the uorst-caae resolution ia potentially ~0.1 pixels
with reasonable program speed. This la still ●n order of magnitude leas precision than we
will eventually require even for only position resolution, however, af!d the straight-llne
asstis.ptio~ 1s not valid for many parta of the beam.

ilhat we really uant 1s a method fast enough so that ue may control the positioning system
in real-time, physically realizable for our lmmedi~te objectives and with the potential to
find (X ~,Ym) to whatever precision ue may wish,

The effect of random noise on the dlatributlon function of (X ~,rm)
. . ----- ---------------- -------------- ---------------------- ---e-

The method we choose conalete of ualng a ayetem uith randov noise to do a series of
Bernou!ll trlala for each pjxel, giving the coordlndte ● weight of 1 if lts meaaured lnten-
slty exceeds the boundary npecified. After ● auffici~ntly large number of eamplea, the
welghr, for each ~ool’dlnato wj~l approach the expected number of times the sample inten$ity
will have exc~eded the threshold. This expected number la Proportional to the weight the
coor4Jnate should be given in the ●rJthaetic mean.

Becdus? of noise, the AOC sampled measurements of l(X,Y,t) for ● fixed beam location form
e discrete sample spmce. If o(I) repl’eaents ● normalized many-eample frequency count of
the intensities measured at Xi,Yi for A fixed beam poslflon, tho plot is approximately:

# m

i.



A3aumo the frequency Olstrlbutlon for then. oounts form ● normal density function,

0(1) -
●XP(-(I-10)%213%

(8a)

rm-
●nd that lts integral la ● normal dlatrlbution function.

1,

*(I’) - I +(1) dl~(l ●s I +.)

-0

(8b)

Define a binary function on thla apace euch that

W(xi,ri)j - 1 ; I (X1,Y1,TJ) & Ib

-0; I iXi,Yi,TJ) < x~

(9a)

For ● fixed beam position, let PJ be defined by

0

Pj - P {w(xi*Yi)J - 1) - I+(I(x~,Yi) dl - 1 - 4
.

(9bt1~)

since the meaaurementa are independent.

For enough samples of the intenalty at that. position,

(lo)

in a manner corresponding to the Dehlolvre-Laplace Limit Theorem

n

{

I W(Xi, Yi)J - n pi
P Al S J*1

.--.----.--------.--—
~-;-;;ii-z-;;~

\
(11)

Our ●ethod of finding the arithmetic mean ia then

(12)
-..-------—

u

whefle bl Is th~ total n!Jml?r of p~xels
valued function of beam !oaitlon.

In the ulndou.

In Figure 3.

(XM,YM) Is then a continuous, single

If the expected intensity differenceThe abovq reaso~.lng ,s illustrated
between adjac@rL pixe-ls uae 2 tlmos the atnn-dard deviation, the- linearity of the distribu-
tion function would still be claarly increasing at ●ll times, ●nd the averaged vallJcs would
convergo to wlthln a 10.04 pixel precision with a probab!liLy of 0.9, in 1024 trlnls. T h v
following example glvea the details of this calcfJ]ation.
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●

●

●

●

●

I(x)

[I(JtJ)L~

4

●

For fixed Xj, define a weight function

III(XJ)- 0 : I(xj) + Ip < Ib - I threshold (13a

W(XJ) - 1 # I(Xj) + 1P ~ lb (13b

whera 10 ● I(xj) is the value measured, I(xj) IS the true JntensitY and Ip th~ noise Compo’

nent of the value mea~ured.

If I(XJ) > l., then the probabilities that the weight function is 1 or O are given by

(I(x,)-]b

P{u(xj)-ll -
I

$“(lp)dIp - @ [I(x~ - ~b)] (14a)

-0

P IWXJ) -O} - 1 - @ (I(Xj) ‘Ib) (lQb)

.

-u

k-1 k x



Let Xk.l ●nd Xk be ad~aoent points in Ollt’ S8S))le 8paCe whose expected •e~~u~ed

intensltiee ● re auoh that

X(xk) - I(xk-l) - 2 6; I(xk) - Ib + o: I(Xk-,) = Ib - 0 (15)

where o 1s the standard deviation of the random nol$e dlstrlbutlon 19.
then define Pk by

~k “ E(w(xk)) - @ (0) - .8413

lf
I(xk) -1, + o (1 i .02)

which corresponds to i .01 pixel spacing

then

E (U(Xk)) +.84.61 ●s Xk~ 1.02 a

E (bf(Xk)) _.8365 ●s Xk+ .98 0

(16)

(17)

(18a)

(18b)

Then using the Deltolvre Laplace theorem with

Al . (n E(W(Xk + .98o)) - n pk)//~~~~ - ‘.0131iii (\9a)

A2 - (n E(W(Xk + 1.020)) - n pk)/i-~~~ - .0131~fi (19b)

The probability that the measured weights of Xti are correct to 2 .01 pixel spacing 1s
given by

In this same manner the following probabilities
sample i“rames and different pikel reaolutiona.

Number of Frames
n F’ {2 .011 P

S A2}
(20a)

(20tJ)

were calculated for different ,}umbera of

------.—--..--—-----.-——---------..—-

1 .01 .02 .04

4 . 02 .Oh .08

!6 .04 .09 . 16

6u .08 .11 .32

256 . 16 .33 .59

1!)2Q .33 .61 .89

To cloee with a visual example, Figure (4a) shows an laage ujth 14 gray levele of OlgnAl
and noise. Figuro (Ub) shows the image reduction to 5 grsy levels or signal alone, th-ough
integration. Figure (4c) Shows the 51 grey levels extended to 90 gray levels, through tho
above method or atatlstical interpolation. Figures (4d) - (*f) ●xt,?nd the method to show
the recovery and analysls of an ima8e ●pparently completely loet in noise.
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AURORA REQUIRES RAPID ALIGNMENT
OF MANY BEAMS .
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Summary

The Problem of preCiSelY Posltlonlnu a large ●rray 0? laser beams with ● Cost{pertormance

optimal ❑easuring and control system requires ●aking maxlmun use of the available video
information bandwidth. The clo8ed loofJ response time ot the COntrOl sYstem 1s consistent
sith multiple-frame image sampling at video trequenciea, ao the ●dvantages gained trom
statistical inference can be used to gain the necessary precision or resolution with
algorithms that use the tield ●CW181t10n time to ●ccomplish ●nalysis ●nd control.

The accelerating availability of Ueeful comPuter ●ided engineering (CAE) support, and the
?elated growth in fleicl programmable devices such as PALs, ●ake the extension of these
techniques to higher Srame rates and more sophlsticateG analysls very promising.
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